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Fig. 9 Reconstruction of the video-kymographic 
records for the model with liquid layer (µ=0.4999997, 
µ=0.4999995) and the normal stresses of the vocal 
folds numerically simulated at the node 5920 in the 
ligament layer. 
 
The computed deformations can be used for 
reconstruction of the video-kymographics records of 
the human vocal fold vibration. Fig. 10 demonstrates 
the sensitivity of vibration patterns in video-
kimographs to a very small change of the material 
parameter of the liquid layer. 
 
IV. DISCUSSION 
 
The geometry of the developed parametric FE model 
of the vocal folds as a part of the complex larynx 
model enables to modify the model easily and to apply 
tuning and optimisation procedures for finding proper 
model parameters related to the vocal folds vibration. 
The preliminary results are promising from the 
character of vibration and to predict approximate 
stresses in the vocal fold tissue due to the vibration of 
the vocal folds in normal phonation regimes with 
collisions in determination of the injury type of the 
vocal fold characteristics. The reconstructed 
videokymographic records are sensitive enough to the 
changes of the material parameters and geometric 
reconfigurations of the vocal fold and can be used for 
prediction of various vocal fold damages 
 
V. CONCLUSION 
 
The assembled model of the human larynx is 
sensitive to small changes of the geometric 
configuration and materials characteristics and can be 
used for multi-criterial global optimization for finding 
parameters of the human vocal folds model according 
prescribed character of vibration. This model can be 
used for prediction of the vocal fold injury from the 
video-kymographics records. 
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reduce the spatio-temporal dimensionality while    pre- 
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I. INTRODUCTION 
 
Nowadays, high-speed videondoscopy has been in- 
creasingly used to assess glottal dynamics.  It  is the 
sole imaging technique capable to acquire the true in- 
tra-cycle vibratory behavior through a series of full- 
frame images of the vocal folds. It allows the study of 
cycle-to-cycle glottal variation. Due to the fast-growth 
of high-speed technology, it is possible to found cam- 
eras that can reach frame rates up to “twenty thou- 
sands”, recording in color with high spatial resolution 
and excellent image quality for long durations. HSV 
allows to characterize many vocal-folds vibratory fea- 
tures that are not possible to visualize by means of 
videostroboscopic techniques. For instance, HSV helps 
to get insights into tissue vibratory characteristics, the 
influence of aerodynamical forces and muscular ten- 
sion, vocal length and evaluation of normal laryngeal 
functioning in situation of rapid pitch change such as 
onset and offset of voicing or glides [1]. The use of 
HSV has been reported in the literature to evaluate 
variations in vocal-folds dynamics and extract im- 
portant features such as vocal-fold vibratory ampli- 
tude, glottal open quotient, and glottal speed quotient. 
HSV provides a huge amount of images, whose analy- 
sis requires a great deal of human intervention and 
observation. Several playbacks have been proposed  to 
serving the most relevant characteristics of glottal vi- 
bratory patterns. The most widespread and successful 
playbacks used either by clinicians or researchers are: 
Digital Kymograms [2], Mucosal :ave and Mucosal 
:ave Kymogram playbacks [3], Phonovibrogram [4], 
and Glottovibrogram [5]. Many common approaches 
make use of glottal segmentation algorithms, in which 
attention is focused on analyzing movements at vocal- 
fold edges. The widespread techniques are based on 
histogram equalization, region growing, watershed and 
active contours delineation methods (see [5] for a re- 
view). Nevertheless, motion analysis should not neces- 
sarily be focused only on the points belonging to the 
glottis contours but also in the regions where such 
movements originate. For that reason, the  estimation 
of a global motion in which the different patterns rele- 
vant for voice production could be represented is de- 
sirable. Optical flow (OF) techniques estimate the mo- 
tion of objects in consecutive frames by generating a 
motion field in which each pixel represents a vector 
displacement. In laryngeal HSV sequences, the vibrat- 
ing vocal folds are most often the regions with greatest 
motion. 
In this paper, OF image processing is investigated as a 
new approach for analyzing laryngeal images and for 
assessing glottal dynamics. Innovative playbacks are 
proposed within this framework. The paper is orga- 
nized as follows. Section 2 details the principles of OF-
based image processing, and describes the data- base. 
Section 3 presents the results for three new play- backs 
and provides a comparison with existing com- mon 
ones. Finally, Section 4 presents some conclu- sions 
and discussions. 
 
II. MATERIALS AND METHODS 
 
A. Principles of optical-flow estimation 
 
The 3-D velocity vector of objects, projected onto the 
image plane, is known as the image flow field. This 
could be considered as the ideal and actual movement 
of objects that we expect to see. Unfortunately, image 
processing has to deal with the inverse problem: the 
movement of the objects has to be determined on    the 
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basis of a sequence of images. This leads to an approx- 
imation called optical flow field, which associate each 
pixel in the image with a motion vector. 
There are many different ways to estimate the optical 
flow, which depend basically on the kind of chosen 
constraint. Most of the constraints are derived from the 
assumption that pixel intensities are translated from 
one frame to the next: 
 
f([ [y yt t) |f([yt) (1) 
 
Another type of constraint that has no obvious connec- 
tion with the previous one is motion tensor (MT) [8]. 
The MT principle is that a video segment is a stack of 
images in which gray-value structures have certain 
orientations. The orientation in the [y-subspace is an 
indicator for the orientation of the structure in the 
space. In contrast, the orientation of the structure in the 
[t-subspace or yt-subspace relates to the image veloci- 
ties. Thus, estimating the orientation of the structure in 
these two subspaces or a combination thereof allows 
estimating the OF. There are two main strategies for 
solving the OF problem: Sparse and Dense. The sparse 
optical flow finds the displacement only on a subset of 
features that have been specified beforehand these 
features have certain desirable properties such as cor- 
ners, dominant gradient orientation, or subpixel corner 
locations. In the other hand, dense OF finds out the 
vector displacement of all pixels in the image, requir- 
ing a more expensive computational burden, but 
providing more interesting information about the 
movements in the sequence. 
 
B. 'atabase 
 
A database of 60 high-speed sequences was used to 
assess laryngeal dynamics in several phonatory tasks: 
spoken vowels with specific voice qualities (creaky, 
normal, breathy, pressed), pitch glides, sung vowels at 
different pitches, loudness and laryngeal mechanisms 
[6]. Two male subjects (one speaker, one singer) par- 
ticipated to the experiment. The recording took  place 
at the University Medical Center Hamburg-Eppendorf 
(UKE) in Germany, in collaboration with Pr. Hess, Dr. 
Mller and Dr. Licht [5]. The high-speed sequences 
were acquired by means of :olf high-speed cine- 
matographic system (rigid endoscope :olf 90 E 
60491 and light source :olf 5131, grayscale CCD 
camera). The laryngeal high-speed images were sam- 
pled at either 2000 or 4000 fps. They had a spatial res- 
olution of 256x256 pixels. Audio and electroglotto- 
graphic signals were recorded simultaneously to the 
high-speed sequences and synchronized in a post- 
processing step. 
 
C. ,mage Processing Procedure 
The algorithms were developed in C using the 
OpenCV library and integrated in Matlab for making 
the visualization of playbacks easier. Two different 
optical-flow methods were used. The first one, called 
TV-L1 OF, is based on the brightness constancy as- 
sumption [7]. This formulation adds a regularization 
term that allows discontinuities. Such feature is desira- 
ble when a complex motion is modeling. The bright- 
ness constancy term uses the robust L1 norm and is 
therefore less sensitive to intensity variations. The se- 
cond OF method, called MT OF, is based on motion 
tensor computation [8]. It starts with computing 3D 
orientation tensors from the image sequence. These 
tensors are combined under the constraints of a para- 
metric motion model to produce the velocity estima- 
tion. The formulation of this OF methodological ap- 
proach does not use the common brightness constraint, 
and thus it is more sensible to the reflectance phenom- 
ena originated by the mucosa surface properties. Many 
additional techniques can be applied to mitigate these 
effects. The approach chosen here combines a non- 
linear transformation with an anisotropic filter. Taking 
into account that the analysis of laryngeal HSV focus- 
es attention on the dynamics of vocal-folds move- 
ments, a good strategy to reduce computational burden 
and mitigate the effect produced by noise regions is to 
calculate the OF field inside of a region of interest 
(ROI) that include the glottal gap and part of the vocal 
folds. The next step is to synthesize the motion-field 
information obtained between consecutive frames into 
visual playbacks, in which the information on the be- 
havior of vocal-folds movement is readable. Three 
main representations have been elaborated. They will 
now be described and compared to the existing play- 
backs. 
 
III. RESULTS 
 
A. Local dynamics along one line Optical-)low .y- 
mogram 
 
The Optical-Flow Kymogram playback (OFKG) uses 
the same principle than Digital Kymogram (DKG) to 
compact high-speed information. However, the infor- 
mation used to condense the data is taken from the 
displacements originated in the x-axis. For rightwise 
OF movements, the direction angle of displacement 
ranges from [-S2, S2] and is coded in white. On the 
other hand, the direction angle for leftwise displace- 
ments ranges from [S2, 3S2] and is coded in gray 
tone of 128. The OFKG playback is illustrated in Fig.1 
for a sequence of eight glottal cycles. Glottal-cycle 
shape and glottal dynamics present great similarity in 
both playbacks. The instants of change between open- 
ing and closing phases induce the presence of a dis- 
continuity in the OFKG. This can be understood as the 
instants for which velocity comes close to zero. The 
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spread effect in the OFKG at given moments of the 
opening and closing phases may reflect the mucosal 
waves on vocal-folds surface. In DKG, mucosal waves 
are reflected as white flashing spots. 
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Fig.1: (a) DKG representation for a line located in the center 
of the main axis (b) The new OFKG playback for the same 
line, in which gray scale distinguishes the direction of mo- 
tion (rightwise: white gray leftwise: pale gray). 
 
B. Global dynamics along the whole vocal-folds 
length Optical-)low Glottovibrogram 
 
The Optical-Flow Glottovibrogram (OFGVG) repre- 
sents the velocity of glottal movement per cycle plot- 
ted along the vocal-folds length. It is obtained by aver- 
aging each row of the x component of the flow and 
representing it as a column vector. This procedure is 
repeated along time for each new frame. The aim of 
OFGVG playback is to complement the spatio- 
temporal information provided by the common tech- 
niques (glottovibrogram GVG, phonovibrogram PVG), 
by adding velocity information for each displacement 
of the vocal folds. For the purpose of visual compari- 
son, four playbacks were performed in different pho- 
nation cases: GVG and its derivative DGVG were 
computed using [5] two OFGVG playbacks were 
computed using TVL1 OF (OFGVG-TVL1) and MT 
OF (OFGVG-MT) respectively. Only OFGVG-MT 
includes the preprocessing step described in the sec- 
tion 2C. The corresponding plots for these playbacks 
are presented in Fig.2. 
Pressed Creaky Breathy 
OFGVG 
MT 
 
 
Fig.2: Representation of four playbacks (GVG, DGVG, 
OFGVG-TVL1, OFGVG-MT) for six different phonatory 
cases where either voice quality (pressed, creaky or breathy) 
or laryngeal mechanisms (M0, M1 or M2) are varied. 
 
Similarities between DGVG and OFGVG playbacks 
are evidenced in Fig.2, especially in the shape appear- 
ance. However, OFGVG looks more blurred since 
movements taken into account by OF are not located 
only at the glottis edges (as in the DGVG case), but 
also in the vocal-folds surface. Breathy and M0 phona- 
tions present a posterior glottal chink that can be ob- 
served on GVG playback. Such regions are represent- 
ed in DGVG and OFGVG playbacks with black color, 
as a result of the absence of movement. In creaky 
voice, OFGVG-TVL1 fails to provide accurate glottal 
cycles. The resulting playback may be improved by 
tuning the parameters of the preprocessing step. 
 
Some features observed in DGVG playback and con- 
sidered as artefacts due to segmentation problems do 
not appear in OFGVG-TVL1 playback. In M1 se- 
quence for instance, the presence of mucus on vocal 
folds induces the appearance of a glottis splitted in two 
parts after the segmentation process. This is reflected 
by black spots in the median part of the  glottis on 
GVG and DGVG playbacks. In both OFGVG play- 
backs, the glottis is not artificially splitted into two 
regions, as the motion field is robust to the presence of 
mucus. 
 
 
DGVG 
 
 
 
 
OFGVG 
TVL1 
 
 
 
OFGVG 
MT 
C. Glottal velocity Glottal Optical-)low waveform 
 
The Glottal Optical-Flow :aveform (GOF:) is a 1D 
representation of the velocity. GOF: is based on the 
same principle of the Glottal Area :aveform (GA:). 
The total magnitude of velocity is computed over the 
ROI for each instant of time. Graphically the GOF: 
represents the change of velocity as a function of time. 
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(a) 
 
 
 
 
 
 
 
(b) 
 
(c) 
Fig.3:  (a)  GA:  obtained  by  segmentation,  (b)  the  absolute 
value of differentiated GA: (~ DGA:~ ) and (c) GOF:. 
 
The  GOF:  provide  valuable  information  on  the  ve- 
locity instants over the HSV sequence. Additionally, if 
this  information  is  overlapped  with  GA:  one,  it  be- 
comes  feasible  to  analyze  velocity  variation  with  re- 
spect  to  glottal  opening  function.  For  instance,  when 
maximal  glottal  opening  is  reached,  GOF:  shows  a 
local   minimum.   Another   interesting   feature   is   that 
maximum  speed  is  located  during  the  closing  phase. 
Since GOF: computes an absolute velocity, it is pos- 
sible to obtain a similar representation by differentiat- 
ing    GA:    and    computing    its    absolute    value 
(~DGA:~). As shown in Fig.3b, GOF: pulse shapes 
are similar to ~DGA:~, however with a stronger OF 
velocity during glottal closing. 
 
IV. CONCLUSIONS AND DISCUSSION 
 
High-speed videoendoscopy is probably the most 
promising technique for direct investigation of glottal 
dynamics in speech and singing. :e have presented 
here a new approach to synthesize dynamical infor- 
mation from HSV recordings in a compact way, which 
does not depend on prior glottal segmentation. The 
glottis is treated as an unidentified object, and atten- 
tion is focused on the motion field produced by vocal- 
folds vibration. Dense optical flow is computed among 
consecutive frames to extract dynamical information 
related to the pattern of glottal  displacement. Three 
new playbacks are proposed to visualize the  computed 
optical flow: OFKG, OFGVG and GOF: playbacks. 
There are some similarities in the information extract- 
ed from segmentation and OF, since both methods 
quantify the motion. However, the motion obtained 
from OF is raw information that include direction and 
magnitude of the pixels movements  (displacement 
field map). Also using the displacement field is possi- 
ble to segment the glottal gap, compute  the contact 
time of the vocal folds and many other features. For 
the purpose of clinical diagnosis it seems a promising 
approach to complement, and eventually to replace, 
segmentation-based techniques. 
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Abstract: The presentation concerns the use of 
synthetic kymograms to facilitate the interpretation 
of natural kymograms as well as the study of glottal 
vibration patterns via simulation. Synthetic 
kymograms represent the evolving glottis via a 
static picture by stacking slices of modeled glottal 
shapes on top of each other. To illustrate the use of 
synthetic kymograms the presentation is devoted to 
the effects on glottal vibratory patterns of constant 
phase shifts between the left and right, the anterior 
and posterior as well as the entrance and exit. 
Possible causes of constant phase shifts are 
discussed by means of a generic model of phase-
coupled oscillators. 
Keywords:  synthetic kymograms, phase-coupled 
oscillators, glottal vibratory patterns, voice quality  
 
I. INTRODUCTION 
 
Video kymograms are obtained by recording video 
images at high speed, selecting one line per image and 
displaying the lines stacked on top of each other or, 
alternatively, by video equipment recording one line at 
a time in place of an image [1]. Kymograms are 
therefore a compressed representation of the evolving 
glottis that enables the static display of several glottal 
cycles in the same picture. 
Video kymograms are increasingly popular in the 
framework of the documentation and assessment of 
laryngeal function, the diagnosis of laryngeal 
pathologies and research. Also, kymograms are 
frequently published, thus becoming available for 
inspection to readers who are not users of laryngeal 
high-speed imaging or dedicated kymography 
equipment. The interpretation of kymogram patterns of 
disordered voices may be difficult, however. 
Here, we propose to simulate kymograms by means 
of a model of the glottis, the parameters of which 
enable mimicking a wide range of glottal patterns, left-
right, entrance-exit and anterior-posterior asymmetries 
included. They offer the user the possibility to 
experiment with a range of glottal patterns the 
properties of which are known, thus aiding the 
interpretation of natural kymograms by means of 
simulations, assisted by separate entrance and exit 
kymograms as well as entrance, exit and effective 
width waveforms if so desired.  
Similarly, kymograms may enable documenting by 
means of static pictures the behavior of numerical 
models of the vibrating vocal folds, behavior that can 
otherwise only be described either via scalar features 
or slowed-down video animations that are time-
consuming to prepare and watch and that cannot be 
reported in static media. 
To illustrate the use of synthetic kymograms we 
explore the effects of constant phase shifts between the 
left and right, the anterior and posterior and the 
entrance and exit on the vibratory patterns of the 
glottis. The causes of constant phase shifts are 
discussed by means of a generic model of phase-
coupled oscillators. 
 
II. METHODS 
 
A. The PDOS model of the glottis 
 
The PDOS model designates the phase-delayed 
overlapping sinusoidal model of the glottis proposed 
by Titze [2]. It consists of glottal hemi-widths (1) that 
evolve sinusoidally. The sinusoids animating the 
glottal exit are phase delayed with regard to the glottal 
entry because of the out-of-phase motion of the edges 
of the cover of the vocal folds. The glottal slit is 
rectangular or elliptical. Glottal wall collision is 
simulated by means of a max operator and the effective 
width by means of a min operator. 
 
Symbols w and ξ designate the glottal hemi-widths as 
well as the abduction and the amplitude of vibration of 
the glottal entrance and exit. Constant phase ϕ accounts 
for the delay between entrance and exit and f0 for the 
instantaneous vocal frequency. 
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